This paper proposes a voice coil motor (VCM) with a novel electromagnetic structure for smartphone OZ actuators, and the advantages of this novel design are its long displacement, compact size, and more powerful and stable Lorentz force. These advantages are achieved by the novel electromagnetic structure that consist of L-shape coils. Its performances were verified by a laboratory-built prototype, and the experimental results (Lorentz force F VCM , response time, and zoomed images) can prove the proposed VCM actuator is feasible and vigorous.
I. INTRODUCTION
Because the smartphone has developed rapidly over the past decade, it offers more convenience for human life [1] , [2] . Smartphone manufacturers keep researching on innovative functions for smartphones; meanwhile, they enhance the functions that have equipped on the smartphones. These days, the auto-focusing (AF) function has become the basic function, and it does not be emphasized anymore. However, equipping camera modules with the optical image stabilization (OIS) function to the smartphone is the mainstream now. Comparing to the professional photographic equipment that is known as digital single lens reflex (DSLR) camera, the camera modules for smartphones lack for the high-magnification optical zoom (OZ) function. Recently, smartphone manufacturers have installed OZ function in the camera module. However, the magnification of the OZ is low. The camera module with the high-magnification OZ is not widely equipped for the camera module because there are many defects need to be improved.
The camera module with two lenses of different focal lengths can achieve the OZ function and the user can capture the enlarged image with it. There are two methods to achieve The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Liang . zoom function: one is the digital zoom, and the other is the OZ. Digital zoom is achieved by programs, and it decreases the resolution and the clearness of the image. Comparing to the digital zoom, the OZ can capture sharper and higher resolution images, and it is performed by using actuators to adjust the distance between the two lenses to change the effective focal length. The size of the camera module with OZ is larger than that with digital zoom at the present stage. However, reviewing the development of camera module that equipped with AF and OIS function suffered the same problem, consumer takes more attention on the quality of the images than the size. Therefore, it can be expected that many smartphone manufacturers will do their best on developing the camera module with OZ.
For capturing the clear and high resolution images, it depends on the components (including lenses, actuators, and image sensor) of the camera module. Specifically, actuators play an important role in the camera module. In the past literatures, there are manifold miniature actuators, including piezoelectric motors [3] - [12] , liquid lenses [13] - [15] , stepping motors [16] - [18] , and voice coil motors (VCMs) [19] - [24] , and magnetorheological elastomer (MRE) [25] . To capture high-magnification OZ images, the stepping motor is used as actuator in the commercial smartphone camera module. There are many disadvantages of stepping motors including size, cost, speed, power consumption, repeatability, gear required, and acoustic noise as shown in Table. 1 [26] , [27] . In contrast with stepping motor, VCM improves these defects exactly. Comparing to piezo motors, speed and power consumption of VCMs are inferior to it. However, the cost and repeatability are important index to concern. Through results of comparisons, advantages of VCMs include small size, lowest cost, faster response, low power consumption, high repeatability, simple structure, and quiet [27] , [28] . Therefore, VCMs are more suitable for OZ camera modules.
Therefore, this paper proposes a suitable VCM-type actuator for OZ smartphone camera module with a novel electromagnetic structure. Aforementioned AF and OIS camera module had been equipped with VCM-type actuator, and the stroke of them are less than 0.4 mm [29] , [30] . However, the required displacement of the OZ camera module is significantly long [31] . Through novel electromagnetic structure with L-shape coils, the proposed VCM actuator can supply more stable and powerful Lorentz force. Therefore, in terms of its excellent performances (long displacement, more stable, and powerful Lorentz force) with the mentioned advantages, the proposed VCM actuator could be more satisfactory than stepping motor for commercial products.
In this paper, the proposed electromagnetic structure is simulated by the finite element method (FEM) software Infolytica MagNet to prove its advantages and then experimental results are verified through a laboratory-built prototype in the following sections.
II. ELECTROMAGNETIC STRUCTURE OF PROPOSED VCM ACTUATOR
As mentioned, OZ camera module need two actuators that can supply long displacement to achieve its functions. Accordingly, supplying uniform and powerful Lorentz force, F VCM , for long displacement at a compact size is the main problem that need to be overcome for the proposed VCM actuator. The structure of the proposed VCM actuator is illustrated in Fig. 1 . As shown, the VCMs at the right and left side can actuate the 1 st and 2 nd lenses, respectively. The fixed part of the proposed VCM actuator consists of four L-shape coils, a base, two Hall sensors, two guide rods, and four guide rod holders; the moving part of the proposed VCM actuator comprises two lenses and two magnets. The proposed VCM actuator has three remarkable advantages and these advantages benefit from the L-shape coils of the proposed novel electromagnetic structure. L-shape coils were first proposed for OIS camera module in our previous study [30] . Hsieh et al. [30] and this paper named its coils as L-shape, but application of them are different. In terms of shapes, coils of [30] and coils of this paper are folded along dashed line A and solid line B as shown in Fig. 2 , respectively. In terms of magnetizing directions, the magnetizing direction of [30] and this paper are axial and radial, respectively. Hsieh et al. [30] supplied a short and axial Lorentz force. However, the advantages of this paper proposed novel electromagnetic structure are that it can supply a long displacement, uniform, and stable Lorentz force radially. Accordingly, the proposed novel electromagnetic structure in this paper is more suitable for OZ camera module with a significant long stroke. Though [31] is a VCM-type OZ camera module, innovation of it is that there are three prisms in its structure, as shown in Fig. 1 of [31] . Therefore, it uses conventional electromagnetic structure for its VCMs. In the structure of [31] , it uses two of the prisms to short the optical path, then it can short the stroke of the VCMs. However, the size of [31] is too large in dimension of length and width, and it is not suitable for commercial product. Comparing to [30] and [31] , the proposed novel electromagnetic structure in this paper can supply a uniform, stable, and long stroke Lorentz force in a compact size. Due to the simple structure with the L-shape coils, the size of the proposed VCM actuator can be reduced. Therefore, one advantage of the proposed VCM actuator is its small size of 33.8 × 21.1 × 6 mm as detailed in Table 2 and the size is as compact as that of the commercial stepping motor equipped in the OZ smartphone camera module. Another advantage of the proposed VCM actuator is that it can supply the long displacement or stroke of ±5.25 mm. Generally, the conventional VCM cannot supply a uniform Lorentz force for long displacement and it is the reason why the conventional VCM is unsuitable to design for long displacement. In contrast, the proposed VCM actuator can provide a uniform Lorentz force F VCM through the L-shape coils, and its work principle is described in the following paragraph. Fig. 3 illustrates the situation of the 1 st lenses and 2 nd lenses to move the maximum displacement −5.25 mm and 5.09 mm, respectively and the OZ camera module can take the highest magnification images at this situation. Therefore, the novel electromagnetic structure demonstrates the capability of the long displacement for OZ camera modules. Another advantage of the proposed VCM actuator is that it can supply the more powerful Lorentz force, F VCM , and the following paragraph depicts its work principle.
The following introduces the working principle of the proposed VCM actuator. As shown in Fig. 1 , the proposed VCM actuator includes two sub-actuators. A sub-actuator has two L-shape coils and one magnet, and the L-shape coils are the core design factors to supply the more stable and powerful Lorentz force, F VCM , for the long displacement. When the currents input into the coils, the currents can interact with the magnetic field to generate the Lorentz force F VCM . The size of green arrows in Fig. 4 means the strength of the magnetic field. Fig. 4(a) illustrates the distributions of magnetic flux when the displacement, δ, is 0 mm and the magnet field can interact with currents that are inputted into the left side, upper side, and right side of coils to generate the Lorentz force, F VCM . As shown in Fig. 4(a) , areas at the upper side of the coils are the main section to interact with the magnetic field in which the green arrow is bigger than that of the left and right sides of coils. As shown in Fig. 4(b) , when the displacement, δ, of the moving part is 5.25 mm, the moving part is far away from the right coil, so the magnet of the moving part can hardly interact with the right coil; meanwhile, the gap between the left coil and the magnet decreases to supply more Lorentz force, F VCM , which can compensate the leakage of the right side. As shown in Fig. 4(c) , the right coil can supply bigger Lorentz force, F VCM , when the displacement, δ, of the moving part is −5.25 mm due to the same reason. Fig. 5 exhibits the calculated magnetic force lines when the displacement, δ, of the moving part is 0 mm, which is in good agreement with the situation of Fig. 4(a) . In Fig. 5 , orthogonal long leg and short leg of L-shape coils have opposite directions of current, and the directions of magnetic flux density, B, that they interact, respectively, are opposite to generate the same directional Lorentz force, F VCM . The contribution of long leg and short leg of L-shape coils is depicted in Fig. 4 . The part of short leg is the main region to interact with magnet to generate the Lorentz force, F VCM , during full stroke. The part of long leg can compensate Lorentz force, F VCM , when the displacement, δ, is 5.25 mm (see Fig. 4(b) ) and −5.25 mm (see Fig. 4(c) ), respectively. Therefore, it is demonstrated that the proposed VCM actuator can supply a more stable and powerful Lorentz force, F VCM , to accomplish the requirement of the long displacement for OZ camera modules.
Through the description of Figs. 4 and 5, it can be known that the proposed electromagnetic structure can provide a uniform, stable, and long stroke Lorentz force by a different electromagnetic configuration from [30] and [31] .
III. SIMULATION OF PROPOSED VCM ACTUATOR
This section proves the properties that include more stable and powerful Lorentz force, F VCM , of the proposed VCM actuator through the FEM software Infolytica MagNet, and simulation parameters are detailed in Table. 2.
The simulation results of the Lorentz force, F VCM , for the proposed VCM actuator are presented in Fig. 6 , and the differential percentage between the maximum and minimum Lorentz force, F VCM , is about 4.68%. Fig. 7 shows the structure of the conventional VCM actuator with rectangular coils, and its parameters are detailed as Table. 3. Fig. 8 compares the simulation results of the Lorentz force, F VCM , for the proposed VCM actuator with L-shape coils and the conventional VCM actuator with rectangular coils when the current is 30 mA. As shown, the calculated Lorentz force, F VCM , for the proposed VCM actuator is more than 50% of that for the conventional VCM actuator with rectangular coils. The differential percentage between the maximum and minimum Lorentz force, F VCM , for the conventional VCM actuator with rectangular coils is 8.92%, and it is almost 2 times bigger than that of the proposed VCM actuator. In terms of power consumption, the electrical resistances, which are shown in Table 2 and Table 3 , of rectangular coils and L-shape coils are the same. Therefore, the power consumption of them are the same at the same input current. Therefore, it is evident that the electromagnetic structure of the proposed VCM actuator can supply a more stable and powerful Lorentz force, F VCM .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
There are two kinds of experiments to present in this section, and these experiments were done by a laboratory-built prototype as shown in Fig. 9 . One is the variation of the output Lorentz force, F VCM , with the input current; the other is the response time of the proposed VCM actuator. Fig. 10(a) shows the experimental setup of the variation of the output Lorentz force, F VCM , with the input current. The experiment is completed through a computer, two DAQ cards (series number: NI-9263 and NI-9220), two power supplies, an operational amplifier (OP-Amp) (series number: Analog Devices AD8534), a load cell driver, and a load cell (series number: Transducer GSO-25). The block diagram of the experiments for Lorentz force, F VCM , is shown in Fig. 11 . The command of the current is inputted from the computer, and the command drives the OP-Amp through the NI-9263 DAQ card to supply the VCM (see the Fig. 10 (b) ) with current. When the current is inputted to the coils to generate the Lorentz force, F VCM , the output voltage that can be converted into the Lorentz force, F VCM , of the load cell is sent to the computer through the NI-9220 DAQ card.
Experimental results of the variation of the output Lorentz force, F VCM , with the input current is shown in Fig. 12 . Comparing Figs. 6 and 12, their tendency is coincidental. The maximum deviation between the simulation results and the experimental results is 5.57% at the situation with the displacement of 1 mm and input current of 60 mA. However, the minimum deviation is 0.02% at the situation with the displacement of −0.25 mm and input current of 20 mA. The other concern is the differential percentage between the maximum and minimum values of the measured Lorentz force, F VCM , for full displacement, which are 6.7 % and 3.45%, respectively, when the input current is 10 mA and 60 mA, respectively. Because of the manufacturing and assembly tolerances, the maximum differential percentage is slightly more than simulation results. In a word, it was proved that the proposed VCM actuator can supply a more stable and powerful Lorentz force, F VCM . Short response time is an important performance for the camera module with OZ. The response time of the proposed VCM actuator was measured through different postures, as illustrated in Fig. 13 . The block diagram of the response time experiments indicated in Fig. 14. As shown, the Hall sensor was used to feed voltage values that can be converted to position data back to computer to control the position of the lenses. The laser displacement meter was used to measure the position of the lenses in order to ensure the position is the same as the command. The stroke of the proposed VCM actuator is ±5.25 mm and the maximum displacement is totally 10.5 mm from −5.25 to +5.25 mm. When the posture of the proposed VCM actuator is 0 • , 45 • , and 90 • , the measured response times is 16.6 ms, 46 ms, and 50 ms, respectively, from displacement of −5.25 mm to displacement of +5.25mm, as displayed in Fig. 15 . Due to the effect of the gravity of the moving par, the measured response time increases gradually with the addition of the posture angle. 90 • is the harshest posture for the proposed VCM actuator to actuate the moving part, therefore it takes the most response time. Overall, in a word, it was proved that the proposed VCM actuator can execute 10.5 mm long displacement with the response time of less than 50 ms at any posture. The aforementioned experiments revealed that the proposed VCM actuator has a robust performance. To demonstrate the OZ function of the proposed VCM actuator, an OZ experiment was performed and Fig. 16 shows the experimental results. Fig. 16(a) is the original image when the OZ function is off. Fig. 16(b) is the zoomed image when the OZ function is on. There are some causes of the blurred, spotted, and yellow hued images. This paper focus on the innovation of the VCM-type actuator for the smartphone camera module. Therefore, image components (including the lenses and image sensor board) got from commercial product. The lenses were affected by oxidization and glue when the prototype was built, and this reason made the images blur and spot. The reason of yellow hued image is that the prototype and the image sensor board cannot match well, and the ambient light affected the image quality. Thought the images are not really clear and sharp, they still verified the OZ function of the proposed VCM actuator is feasible.
V. CONCLUSION
This paper has presented a compact (33.8 × 21.1× 6 mm) and innovative VCM-type actuator for OZ smartphone camera modules, and the proposed VCM actuator has excellent performances with long displacement (±5.25 mm), more stable (differential percentage less 50% than conventional VCM with rectangular coils) and powerful (more 50% than conventional VCM with rectangular coils) Lorentz force F VCM , and fast response time (maximum 50 ms). These advantages benefit from the novel electromagnetic structure with L-shape coils. The experimental results have verified the advantages of the novel electromagnetic structure by a laboratory-built prototype. It is evident that the proposed VCM actuator with the novel electromagnetic structure is applicable to the OZ smartphone camera module.
